Results

Uhland et al., submitted). In agreement with this fact, properly folded MalS was released by cold osmotic ␣-Amylase Activity of Periplasmic MalS Is Reduced in dsbA Mutants
shock from wild-type cells. In dsbA mutant background, most of the oxidized form of MalS was present in the To identify cellular factors involved in the biogenesis of MalS, we determined MalS activity in dsbA knockout supernatant, and smaller amounts of oxidized and reduced MalS were found in the pellet fraction. This was mutants. dsbA encodes a periplasmic oxidoreductase involved in disulfide bond formation (Bardwell et al., in agreement with the previous finding that nearly 60% of MalS activity was detected in dsbA mutants in com-1991). During growth at 37ЊC, MalS activity of whole cells was 20-fold reduced in the dsbA mutant. However, parison to wild-type cells after growth at 28ЊC (Table 1) . In dsbA degP double null mutants, only reduced MalS when cells were grown at 28ЊC, MalS activity was only reduced 2-fold (Table 1) . These results indicated that was detected. As expected, misfolded MalS was found in the pellet fraction of shocked cells. These results under normal growth conditions, MalS activity was dependent on the presence of DsbA. At low temperatures, indicated that DegP may be involved in the folding of MalS in dsbA mutants at low temperatures. To obtain another cellular factor may compensate for the absence of DsbA activity.
further evidence for a potential chaperone activity of DegP, we expressed a proteolytically inactive variant of We carried out a pulse-chase experiment to examine whether disulfide bond formation in MalS is dependent degP (degP S210A ) in dsbA degP double null mutants. In this strain, a fraction of MalS could fold into the oxidized on DsbA. In cells grown at 37ЊC, MalS was present in its oxidized form when expressed in the dsbA ϩ strain and soluble form, since it fractionated with the supernatant of shocked cells. These results were supported by CS10. In dsbA mutant strain CS6, malS was expressed in lower amounts and almost exclusively in its reduced assaying amylase activity. In dsbA degP double null mutants, MalS activity was 30-fold lower as compared form. In addition, malS was unstably expressed in the dsbA mutant, indicating that DsbA function was required to wild-type strains and 18-fold reduced as compared to dsbA mutants. In dsbA degP double null mutants for a critical step in MalS folding. At 28ЊC, we detected both the oxidized and the reduced forms of MalS in the expressing degP S210A , MalS activity was increased 11-fold over the dsbA degP double mutant background dsbA mutant strain (data not shown).
( Table 1) was assayed between 4ЊC and 42ЊC, using purified DegP. Below 22ЊC, DegP was proteolytically inactive. At 28ЊC, DegP was 8-fold less active than at 42ЊC, and while the addition of DsbA did not increase the effect of glutathione (Figure 2) . The presence of p-nitrophenyla major increase in proteolytic activity was observed between 32ЊC and 42ЊC ( Figure 4A ). This finding exhexaoside, a substrate of MalS, completely inhibited refolding into the enzymatically active form (data not plained the temperature-dependent degradation of MalS in the in vitro refolding assays ( Figure 3B protein (Nichtl et al., 1998) . The yields of refolded ␤-gal were low, but the effect of DegP was at least as strong Characterization of the Chaperone Activity as for the other tested substrates (data not shown). of DegP S210A We conclude from these data that DegP has a general To further characterize the chaperone activity of DegP, molecular chaperone activity. we carried out a titration experiment for the refolding Additional in vivo evidence for the general molecular of MalS in the presence of DegP S210A ( Figure 5 ). When chaperone activity of DegP was obtained by investigating the T s phenotype of degP null mutants. If the chaperone activity of DegP is sufficient to reduce folding stress caused by elevated temperatures, the expression of degP S210A should suppress the temperature sensitivity of degP null strains. Colony formation of degP null mutants expressing degP S210A at 44ЊC indicated that the chaperone activity of DegP was sufficient to rescue the cell from thermal folding stress (Figure 7) . However, compared to wild-type degP, a higher level of degP S210A expression was required for complementation. We quantitated the amount of DegP on a Western blot using cells grown at 44ЊC expressing wild-type degP and degP S210A from pCS20 and pCS21, respectively, induced with 10 substrates. While the deletion of both PDZ domains leads to a complete loss of protease activity, the ⌬PDZ1 and ⌬PDZ2 constructs had 5% protease activity comThe Chaperone Activity of DegP Affects the Regulation of degP Transcription pared to wild-type DegP when using resorufin-labeled casein as a substrate. MalS was only degraded by the The general molecular chaperone activity of DegP could have a positive effect on the solubility or the folded state ⌬PDZ2 derivative and not by ⌬PDZ1 and ⌬PDZ1ϩ2. These data indicate the importance of the PDZ domains of periplasmic proteins and could thus reduce the Sigma E-and CpxAR-mediated stress response. This effect for protease function of DegP. When investigating the temperature dependence of the proteolytic activity, the should lead to lowered degP promoter activity. We followed the activity of the degP promoter by assaying the ⌬PDZ2 derivative behaved as wild-type DegP. The ⌬PDZ1 construct exhibited a maximum activity near ␤-gal activity in derivatives of strain PND2000 carrying a transcriptional degP-lacZ fusion (Table 2) . A slight 30ЊC but was proteolytically inactive at and above 37ЊC. This heat lability may explain why the ⌬PDZ1 derivative induction of ␤-gal activity was detected in strain CS50 (as PND2000, dsbA::kan). A further increase in ␤-gal could not complement the T s phenotype. To study the contribution of the individual DegP doactivity was detected in strain CS50 when malS was moderately overexpressed from pUMA103. No increase mains to chaperone function, we carried out refolding assays using chemically denatured MalS as a substrate in ␤-gal activity was observed in strain PND2000 expressing properly folded MalS from pUMA103. These (Figure 7 ). ⌬PDZ1 and ⌬PDZ2 exhibited chaperone activities that were similar to wild-type DegP. Deletion of data indicated that cells responded to the presence of misfolded MalS by inducing degP promoter activity.
Characterization of the Protease Activity of DegP
Chaperone and Proteolytic Activities
both PDZ domains did not change the yields of recovered amylase activity, but stimulation of refolding was When we compared the activity of the degP-lacZ fusion in the presence and absence of DegP S210A , the degP proshifted to somewhat higher DegP concentrations. These results implicated that the protease domain itself has moter was always repressed in the presence of DegP S210A . These results suggested that the chaperone activity of chaperone activity. This finding was supported by another construct that contained only the two PDZ doDegP could generally influence the folding of cell envelope proteins.
mains and not the protease domain (termed PDZ1ϩ2). Figure 3B ). However, recovfunction data suggest that the chaperone activity is loery of amylase activity was significantly lower at 37ЊC cated in the protease domain (Figure 7 ). Second, wildand 42ЊC ( Figure 5 ). These data indicated that refolding type DegP is a chaperone at low and a protease at was only partially productive at elevated temperatures, elevated temperatures. In contrast, DegP S210A is always implicating a practical relevance for the observed tema chaperone ( Figure 3B) . Here, the only difference beperature-dependent switch from chaperone to protween the protease and the chaperone mode is the prestease.
ence of the active site Ser. This interpretation seems Nonspecific porins of the bacterial outer membrane justified, since the S210A mutation has no effect on the are responsible for the almost instantaneous transmisoverall structure of DegP (Skorko-Glonek et al., 1995). sion of various environmental changes to the periplasm.
We are currently investigating the simplest model ex-A combination of chaperone and protease function in a plaining the observed temperature-dependent switch single cellular factor could provide a direct and rapid from chaperone to protease. This model suggests that response to protein folding problems or the need to the protease domain of DegP can always bind denatured adjust protein concentration. As is the case for the clasor misfolded protein. Whether the substrate enters cysical heat shock proteins, this activity appears to be cles of binding and release, eventually leading to proper conserved during evolution: periplasmic DegP is a memfolding, or is proteolytically degraded could be conber of a large family of related serine proteases. These trolled by the accessibility of the active site Ser. At low proteins, found in most organisms, including humans, temperatures, the active site Ser could be buried or are implicated in tolerance of various stresses such as tilted away from the other residues of the catalytic triad. oxidation, salt, pH, and heat stress, which all interfere After conformational change, occurring during the shift with protein folding. Known DegP substrates comprise a from low to elevated temperatures, the Ser residue could heterogeneous family including hybrid proteins ( (Prinz et al., 1996) conditions, reduced and oxidized glutathione were added to a final into KpnI-HindIII-cleaved pQE32. concentration of 2.5 mM and 0.5 mM, respectively. Before use, DsbA To express degP and degP S210A as C-terminal His tag proteins, the (Boehringer Mannheim, Germany), DegP, DegP S210A , or BSA was inexpression vector pQE60 (Qiagen, Germany) was altered to contain cubated for 10 min in 100 mM Tris/HCl (pH 8.7). Refolding was lacI q . Cloning of lacI q into pQE60 was done by amplification of lacI q carried out at the indicated temperature for 1 hr. One hundred microusing the primers 5Ј-CCAATATTCTAGAT CATGCGCACCCGTG-3Ј liter aliquots were taken to assay amylase activity. The remaining and 5Ј-GGAATATTCTAGATTACCGTGCAGTCG ATGATAAGC-3Ј, 400 l was mixed with 130 l 20% trichloroacetic acid (TCA) and both containing XbaI sites at the 5Ј ends. The PCR product was cut incubated on ice for 20 min. Proteins were pelleted by centrifugation, with XbaI and ligated to the XbaI-cleaved pQE60. The resulting washed with cold acetone, dried, redissolved in sample buffer, and plasmid was termed pCS19. Subsequently, degP and degP S210A were subjected to a nonreducing 10% SDS-PAGE (Laemmli, 1970). amplified by PCR from chromosomal DNA of strains MC4100 and Preparation of guanidinium hydrochloride-denatured pig heart pCS10, respectively, using the primers 5Ј-AAATCCATGGCGAAAAC citrate synthase (Boehringer Mannheim, Germany) and refolding CACATTAGCACTG-3Ј and 5Ј-AACTAGATCTC TGCATTAACAGGTA was done as described (Buchner et al., 1998 (Miller, 1972) . Strains were grown to midlog phase the P15A cryptic miniplasmid. J. Bacteriol. 134, 1141-1156. at 28ЊC in minimal medium 9 containing 0.2% glycerol, 0.4% maltDanese, P., Snyder, W., Cosma, C., Davis, L., and Silhavy, T. (1995). ose, and 0.01% thiamine (Miller, 1972) . Cells (0.1 ml) were mixed The Cpx two-component signal transduction pathway of Eschewith 0.9 ml of Z buffer for each assay.
richia coli regulates transcription of the gene specifying the stressThe proteolytic activity of DegP was determined with resorufininducible periplasmic protease, DegP. Genes Dev. 9, 387-398. labeled casein (Boehringer Mannheim, Germany). Fifteen microliters Dong, J., Iuchi, S., Kwan, H., Lu, Z., and Lin, E. Hu, S., Carozza, M., Klein, M., Nantermet, P., Luk, D., and Crowl,
